Abstract: Series of studies have been conducted to investigate the hydraulic connection between Seropan underground rivers with other underground rivers in Gunung Kidul karst area. Stable isotopes composition, hydrochemical contents of collected samples from several sources around Seropan cave together with tracer tests that have been conducted in the area have helped us to establish hydraulic connection of Seropan underground river with adjacent underground rivers in Gunung Kidul karst area. Several tracer tests that have been conducted in the study area have revealed that subsurface water flowed from Seropan to Ngreneng cave with average travel time about six hours and 13 minutes. Analyses of breakthrough curves found from the tracer tests hinted that the flow is a direct flow with large well developed conduit without any significant delay due to water depressions and dead zones. Although downstream flow paths of Seropan underground river were successfully determined, however, upstream hydraulic connection were not been established. Future study should focus on the upper part (upstream) of Seropan cave.
Introduction
Gunung Kidul is a regency in Special Province of Yogyakarta that is located about 39 km southeast of the city of Yogyakarta, the capital of Special Province of Yogyakarta. Gunung Kidul regency has the area about 1,485 km 2 and the population around 700,000 people . The study area that is given in Figure 1 , Gunung Kidul karst area, is a western part (65%) of a bigger system Gunung Sewu karst area. It geographically lies in 110°21'-110°50' east longitude and 7°57'-8°12' south latitude (Haryono and Dick, 2004) . Geological formation of study area is given in Figure 2 . Geologically, Gunung Kidul is dominated by limestone from middle Miocene to Pliocene age (Kusumayudha et al., 2015) . Because of this geologic structure of the region, availability of water for domestic, agriculture, and industrial uses at the surface of the ground are very limited. Rainfall in the region is relatively high about 2000 mm/y in average (Brunsch et al., 2011) . Because of the high permeability of the soil formation, however, most of this precipitation immediately seeps into ground and eventually becomes underground river. For decades, the majority of the people in the region have been depending on underground rivers as main water resources. Although local people around Gunung Kidul have adopted the limitations of water resources in the area by using other available water resources such as rain harvesting and existing springs, the water scarcity is still a problem especially during dry season (Retnowati, 2014) . Several efforts have been done by the Indonesian government to help the inhabitants of Gunung Kidul to overcome water shortages in the area such as to lift the water from Bribin cave to the surface using water pump. However, because of high cost incurring in operation of the water pumps, the distribution of the water to the local inhabitants is very limited. Source: Sidauruk et al. (2012) In 2002, Karlsruhe Institute of Technology (KIT) and University of Giessen initiated German-Indonesian joint project in developing the underground river in Gunung Kidul karst area for domestic use in sustainable way (Nestmann et al., 2013) . This German-Indonesia joint project was known as Indonesian Integrated Water Resources Management (IWRM). The main objective of the project was to pump the water from the underground river to the ground surface using micro-hydro turbine. The project involved scientists in all water sector fields, hydrology, geology, karst, ecology, social and cultural, as well as business and economic. Two locations of implementation of the project were identified namely Bribin and Seropan underground rivers. Several research studies have been conducted in the areas. In 1984, McDonald and Partners have studied the interconnections among underground rivers in Gunung Kidul karst area. However, Seropan underground river system was not included in their studies. In 1993, the Faculty of Forestry of Gadjah Mada University, Yogyakarta, also studied the catchment area as well as main rivers within Bribin underground river system. The main objective of the study, however, was for conservation of watershed of Bribin underground river system by re-vegetation (Adji and Sudarmadji, 2008) . In 2000, a research team involving an author of this paper from Centre for the Application of Isotopes and Radiation and in collaboration with International Atomic Energy Agency conducted series of tracer tests to study the interconnections of underground river systems including Bribin, Ngreneng, and Seropan underground river systems. The study was supervised by Mr. Ralf Benischke from Institute of Hydrology and Geothermic, Graz, Austria. In this tracer study, the interconnection of the injection point of Jurang Jero with Ngreneng and Bribin Caves was confirmed (Benischke, 2000) . On the other hand, the interconnection of Seropan cave and Jurang Jero was not observed. In this test, however, the flow was interpreted as a direct flow from Bribin to Ngreneng. Two successive tracer tests by research team from Centre for the Application of Isotopes and Radiation Technique using radioactive bromide ( 82 Br) that was conducted in 2002 concluded that the underground waters from Bribin caves were not connected to Ngreneng cave. The interconnection of Bribin underground river system with Ngreneng cave was through cracks at the side wall about 300 m upstream of Bribin cave as sketched in Figure 3 (Sidauruk et al., 2012) . Hydrochemical and stable isotopes data variations have also been utilised by author of this paper to study the interactions of underground river systems in Gunung Kidul karst area with surface water . However, this study was not intended to investigate the hydraulic interconnections of underground river systems within Gunung Kidul karst area.
The current study aimed to identify hydraulic connection between Seropan underground river system with surrounding underground river systems in Gunung Kidul karst area using hydro chemistry and stable isotopes data variations as well as tracer tests data interpretations.
Materials and methods

Hydrochemistry and isotopic interpretations
For hydrochemistry and isotope interpretations, two sets of water samples were collected from four sampling points which were mostly caves namely Seropan, Bribin-2, Ngreneng, and Kali Suci caves (Figure 4 ). Bribin-2 is located about 1 km downstream of Bribin cave and it is the location of developed micro-hydro turbine. Bribin-2 was chosen as one of the sampling points because the access to Bribin cave is no longer exists since the development of micro hydro turbine in Bribin-2. The two sets of water samples were collected during dry season in 2012. For hydrochemistry analysis, each water sample was placed in 500 ml plastic container. For isotopic composition analysis, each sample was collected in 20 ml vials with sealed cap and air bubble free. The interpretation of isotopic composition of collected samples was based on the relative abundance and variations of stable isotopes δ 2 H and δ 18 O. The relative abundance and variations of δ 2 H and δ
18
O in collected samples is an informative indicator of hydraulic interconnection among sample sources (Rugel et al., 2016) .
On the other hand, the interpretation of hydrochemistry of the underground water samples will be based on graphical presentation of major ions of collected samples using Piper diagram. Piper (trilinear) diagram is a very effective way to visualise the major ions (cations and anions) of water samples (Teng et al., 2016) . Visualisation of cations and anions using Piper diagrams can be useful in showing the underground water geochemical evolution and comparing the waters from different geological environments (Purushotham et al., 2011; Yang et al., 2016 
Tracer test
In this study, rhodamine WT was used as a tracer. Molecular formula and weight of rhodamine WT are C 29 H 29 N 2 O 5 Na 2 Cl and 566, respectively. It is available in the market as a 20% solution in water with specific gravity about 1.19. Rhodamine WT has been proven to be a very good tracer in surface water hydrology investigations because of its high solubility in water and very low photo-decomposition effect (Lepot et al., 2014; Minor et al., 2013) . Tracer dilution method that was used in this study is based on conservation of injected tracer mass . The tracer tests were conducted in two steps, i.e., qualitative and quantitative tracer tests. The qualitative tracer tests were conducted at the first week of August 2012 and were designed to establish hydraulic interconnection between injection point (Seropan cave) with surrounding underground rivers namely Bribin, Ngreneng, and Kali Suci underground rivers qualitatively. In this qualitative tracer test, the only anomaly of tracer concentration was found in Ngreneng cave.
Based on this qualitative test, a quantitative tracer test was conducted on August 25, 2012. The focus of the study in this tracer test was to quantify the hydraulic interconnection between Seropan underground river and Ngreneng underground river. For this purpose, the injection was set at Seropan cave and the sampling (observation) was set only at Ngreneng cave. Figure 5 depicts qualitative and quantitative tracer tests.
For quantitative results, the flow rates at injection and sampling points needs to be determined. Because unavailability of any hydraulic structure in the area, the flow rates of Seropan and Ngreneng rivers were estimated using tracer dilution techniques . The tracer tests for flow rates determination were conducted after the tracer tests for hydraulic interconnection quantification completed. The flow rates were determined using mass of tracer conservation principle and the dilution of the tracer will linearly dependent with the flow rates as given in the following formula :
in which Q = flow rate, M = mass of injected tracer or V = volume of injected tracer. The integral in equation (1) is normally solved numerically based on the breakthrough curve. The flow rates based on tracer dilution technique is given in Table 1 . The quantitative tracer test for hydraulic interconnection was started by injecting 1 litre of rhodamine WT (20% solution) as a point source instantaneously into flowing water in Seropan cave and letting it mix, dilute, and flow with the water to reach sampling points at Ngreneng cave. The observation of tracer concentration at the Ngreneng cave was done by periodical water sampling. The sampling point was at the opening part of Ngreneng underground river at which the flow was exposed to the atmosphere for a short distance due to underground channel blockage. Periodical sampling was done at the intervals of 10 minutes at the beginning of the test and the interval was shortened to once every 4 minutes as the tracer cloud started to enter the sampling point. The discrete samples were counted using portable turner design fluorometer. The skewness of the breakthrough curve was analysed using the formula (Cox, 2010; Fuss, 2011) :
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The area of the breakthrough curve (A curve ) will be calculated numerically using composite Simpson numerical integration formula (Ponsoda et al., 2004 
in which h = time interval of sampling, C i is the concentration of rhodamine in i th sample, and C is the average of concentration for the period of sampling. For this formula, the number of the sample has to be an even number such that the coefficients inside the brackets are symmetric. On the other hand, the volume of tracer that was recovered (V rec ) in sampling point was calculated using the formula :
in which, Q out is the flow rate at the sampling point.
Results and discussion
Field parameters, hydrochemistry and stable isotopes
The coordinates and elevations of four sampling points together with field parameters i.e., pH and conductivity are given in Table 2 . The values of pH and conductivity are the average values of the first and second data collections since the two datasets were not significantly different in values. The ranges of pH and conductivities values were 7.50-8.39 and 189-232 μS/cm, respectively. These values are typical values of pH and conductivities in the area so there was no clear hydraulic interconnection can be interpreted from these values. The hydrochemical contents of collected samples are given in Table 2 ) for cation as normally expected in karst area. Table 3 and Figure 6 indicate that Kali Suci underground river is not hydraulically interconnected with Seropan, Bribin, or Ngreneng underground rivers as indicated by its hydrogen carbonate content which is much higher compared to the other underground rivers. This is also in agreement with the results of qualitative tracer that was done earlier that showing no any hydraulic interconnection between Seropan and Kali Suci underground rivers. It is also observed that the hydrogen carbonate and calcium contents of the samples collected from Ngreneng was in between the contents of those collected from Seropan and Bribin-2. This phenomenon indicates that Ngreneng underground river was fed by Seropan and Bribin underground rivers. This also confirms the finding of tracer tests that were conducted in 2002 in which there was a connection between Bribin underground river system with Ngreneng river through cracks about 300 m upstream of Bribin cave (Sidauruk et al., 2012) . Table 4 and Figure 7 present the relative abundance of stable isotopes (δ 2 H and δ
18
O) of collected samples. Although there were two sets of data for stable isotopes analysis that were taken during dry season in 2012, the results presented in Table 4 and Figure 7 , however, is only based on the samples collected at second sampling period. This is because there was a problem with the equipment during the first sampling period. In Figure 7 , the data has been plotted together with local meteoric water line with the equation of δ 2 H = 7.98 δ 18 O + 8.42 . From Figure 7 , it can be observed that the slope of the regression line of the collected samples is much less than the slope of the local meteoric water line. This indicates that the underground rivers have undergone evaporations to some degrees before entering the underground rivers or during the flow to the sampling points. Another possibility is that some surface waters have entering the underground rivers somewhere along the flow path. It can also be interpreted that Seropan and Bribin underground rivers may have contributed to the flow of Ngreneng underground river due the fact that relative abundance of δ 
Tracer test
The discussion in this section will be based on quantitative tracer test that was conducted on August 25, 2012. One litre of Rhodamine WT (20% solution) was injected as a point source instantaneously in Seropan cave at about 10:52 AM and observation was conducted at Ngreneng cave. The concentration of each collected sample together with time of sampling is presented in Table 5 and the corresponding breakthrough curve is given in Figure 8 . Some statistics of samples are given in Table 6 . The first and last two data were not included in the calculation of the sample statistics. It can be seen from Figure 8 that the breakthrough curve is approximately normal. This is also in agreement with the calculated skewness G << 0.5. This indicates that the flow from Seropan (injection point) to Ngreneng (observation point) was direct flow with large well developed conduit. Table 6 Statistics of samples It can be seen from Figure 8 that the centroid of tracer cloud arrived at the sampling point at about 17:05 PM. This means that the travel time of the tracer cloud from injection point to sampling point was about 373 minutes (6 hours and 13 minutes) in average. The area of breakthrough and recovered volume of tracer in Ngreneng were calculated using equations (3) and (4), respectively and presented in Table 7 . The calculated volume tracer that was recovered in Table 7 is about 0.19 litre. This recovered volume is about 95% of the volume of injected tracer which is 0.2 litre. The missing 5% of the mass of tracer may be caused by either adsorption by any solid particles in the flow, or by experimental or numerical errors. This high recovery factor is also in agreement with previous results that the flow is a direct flow with well developed conduit. This also suggests that along the flow path there are minimum pooled waters or dead zones. The calculated flow rate in Ngreneng cave (sampling point) was higher by about 0.45 m 3 /s than those calculated flow rates in Seropan. This additional flow rate may have arisen from the leakage of Bribin underground river system through the crack of the wall about 300 m upstream of Bribin cave. This is also in agreement with the results of hydrochemistry and stable isotopes results discussed in Section 3.1. Based on these results, the schema of the flow can now be revised as given in Figure 9 . 
Conclusions
From the interpretation of major ions of the collected samples from Seropan, Bribin-2, Ngreneng, and Kali Suci underground river outlets, it can be concluded that Kali Suci underground river is not hydraulically interconnected with with Seropan, Bribin, or Ngreneng underground rivers. On the other hand, the interpretation of hydrochemistry and stable isotopes contents (δ 2 H and δ 18 O) indicates that Ngreneng underground river was fed by Seropan and Bribin underground rivers. This confirms the finding of tracer tests that were conducted in 2002 in which there was a connection between Bribin underground river system with Ngreneng river through cracks just about 300 m upstream of Bribin cave. Another finding from this current study is that the underground rivers (Seropan, Bribin-2, Ngreneng, and Kali Suci) have undergone evaporation to some degree before entering the underground rivers or during their flow in the conduit or some surface waters may have entered the underground rivers somewhere along the flow path. The analysis of the shape of breakthrough curve and the mass of recovered tracer in Ngreneng River indicates that the flow from Seropan (injection point) to Ngreneng (observation point) was direct flow with large well developed conduit with minimum pooled waters or dead zones. The calculated flow rate in Ngreneng cave (sampling point) was higher about 0.45 m 3 /s than those calculated flow rates in Seropan. This additional flow may have come from the leakage of Bribin underground river system through the cracks of the wall about 300 m upstream of Bribin cave.
